Studying the reproductive attributes of pests is central to understanding their life cycle history and in crafting management strategies to regulate, if not bring down, their population below threshold levels. In this article, the morphology of the male reproductive tract, topology of the spermatozoa, and salient features of spermiogenesis in the Chinese white pine beetle, Dendroctonus armandi Tsai and Li was studied to provide baseline information for further pest management studies. Results showed that male reproductive tract of this species differs from those documented in other Coleopterans by having 20 testicular tubules in each testis and the presence of two types of accessory glands. The spermatozoon is seen having peculiar characteristics such as an "h"-shaped acrosomal vesicle with a "puff"-like expansion, one centriole, one large spongy body, and two accessory bodies. Despite with some morphological differences of the male reproductive organ, spermatogenesis in this organism is similar to other Coleopterans. Overall, detailed studies regarding the components of the primary male reproductive organ of this beetle species would expand the knowledge on the less-understood biology of Coleopteran pests and would help in designing regulatory measures to conserve endemic and indigenous pine trees in China.
In China, pine trees provide important forest cover in areas where deciduous trees cannot grow due to extreme elevation. There are a variety of pine trees in the country, but the most species rich is that of the genus Pinus (Mirov 1967 , Price et al. 1998 . While pine trees are widespread in parts of China, these trees are threatened by the presence of phytophagous insects, such as the bark beetles and other subcortical insects that feed as larvae and adults in the phloem of the tree (Wood and Bright 1992) . The severity of the threat can be enormous considering that there are over five hundred species of phytophagous insects that feed on pine trees of the genus Pinus alone.
Aside from being an important forest cover, some species of pine trees are revered as cultural symbols. Such is the case of the Chinese White Pine, Pinus armandi, which is regarded by Chinese ethnology as an emblem of longevity and immortality. In fact, in several accounts in the history of the country, the resin of this species is consumed by Taoist seekers of immortality in the hope of prolonging their lives. Just like other conifers, this species is composed of morphologically distinct varieties that include the var. armandi, var. mastersiana, and var. dabeshanensis. Among the three, the var. dabeshanensis and var. mastersiana are considered by the International Union for the Conservation of Nature as vulnerable and endangered, respectively. While this species remains to be one of the culturally and ecologically important pine trees in China, its populations are threatened by infestation of the Coleopteran pest Dendroctonus armandi. According to Yin et al.(1984) and Chen and Yuan (2000) , D. armandi, which is endemic in China, is tagged as the most destructive forest insect in the Qinling Mountains of northwest China. Historically, the native Chinese white pine has been severely damaged by the insect pest since 1953. This insect is known to selectively infest healthy P. armandi trees that are >30 years old (Chen and Yuan 2000 , Chen and Tang 2007 , Chen et al. 2010 .
To protect P. armandi from succumbing to the insect pest, populations of D. armandi must be maintained at manageable levels below the threshold. One way to do this is to control or regulate the reproductive behavior of the species in order to come up with species-specific intervention programs. This entails studying important aspects of the reproductive biology of the organism. So far, only a few aspects such as breeding preferences, frequency of oviposition, and the mating cycle of D. armandi have been studied (Yin et al. 1984, Chen and Yuan 2000) . The reproductive tract, ultrastructural spermatogenesis, and spermatozoa of the species have not been described. According to Franzen (1955) , studying sperm morphology is relevant to fertilization biology. Thus, the examination of sperm structure and morphological information is of significance in questions dealing with reproductive biology.
The sperm ultrastructure in the Coleopteran has been investigated in many different families (Jamieson 1987 , Jamieson et al. 1999 , Werner et al. 2002 , Name et al. 2007 , José et al. 2008 , Paoli et al. 2014 . Their sperms are found to basically match the classical pterygote type, which is characterized by the presence of a 9 þ 9 þ 2 axoneme, two accessory bodies and two mitochondrial derivatives (Tombes and Roppel 1972 , Baccetti et al. 1973 , Burrini et al. 1988 , B ao 1996 . Variations in the morphology of the spermatozoa can be attributed to species differentiation and in many cases can be used to distinguish among taxonomic groups (Burrini et al. 1988 , Kô ji 2007 .
In light of the importance of studying the male reproductive biology of D. armandi, this study therefore was conducted to describe the gross morphology of the male reproductive tract, illustrate various stages of sperm formation, and determine the ultrastructural morphology of mature spermatozoon.
Materials and Methods

Insect Samples
Adult males of D. armandi were collected from the bark of infested P. armandi in the Huoditang Experimental Forest Station, Qinling Mountains (33 18 0 -33 28 0 N, 108 21 0 -108 39 0 E) in 13 July 2015, 30 insect samples were used in each developmental stage and the microstructure of the tissue samples were magnified via a stereomicroscope, the reproductive organs located near the dorsal vessel were removed and placed in Ringer's solution. This solution was used to preserve the integrity of the tissues.
Scanning Electron Microscopy
Tissue samples were fixed in 2.5% glutaraldehyde and buffered to pH 7.2 with 0.1 mole/liter phosphate solutions for 12 h at 4 C.
After washing the organs in phosphate buffer saline (PBS), pH 7.2, the samples were postfixed in 1% osmium tetroxide solution for 2 h at 4 C, dehydrated through a graded series of acetone, criticalpoint-dried with liquid CO 2 , and sputtered coated with gold (10-nm thick). Samples were then examined using the JEOL T330 SEM.
Transmission Electron Microscopy
Samples were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer overnight at 4 C, rinsed with PBS buffer at pH 7.2, postfixed in 1% osmium tetroxide for 2 h at 4 C, and dehydrated in graded acetone series. The reproductive organs were then embedded in a mixture of Epon and Araldite. Ultrathin sections were generated using a diamond knife on a LKB ultramicrotome, contrasted with uranyl acetate and lead citrate and visualized using the JEOL 1200EX TEM.
Results
Gross Morphology of the Male Reproductive Tract
The male internal reproductive tract in D. armandi is composed of two units encapsulated by the scrotal membrane. Each unit is formed by a testis comprising 20 testicular tubules (seminiferous tubules), an efferent duct (which forms a seminal vesicle and inserted in the testis depression), and two accessory glands (curled gland and strand-shaped gland) ( Fig. 1A and B) . The curled gland is like a petal surrounding the vas deferens while the strand-shaped gland, located at the top of the curled gland, has a long branch and a short branch connected to the seminal vesicle. The units fuse at their ends flowing into an ejaculatory duct (Fig. 1A) . The testicular tubules of the sexually mature male insects are full of sperm cysts, within which spermatogenesis occurs ( Fig. 1C and  D) . A cyst with big nuclei can be observed, which constitutes a group of germ cells surrounded by an epithelium. The number of spermatids per cyst is around 512 (Fig. 1D) . Most mature sperms are stored in the seminal vesicle.
Spermatozoa Differentiation
Spermiogenesis in D. armandi involves processes such as nuclear elongation, chromatin condensation, and formation of structures such as the acrosome, axoneme, and the mitochondrial derivatives. The majority of cysts are filled with spermatids. Some secondary spermatocytes with ovoid nucleus and the gathering mitochondria are found in many testicular cysts of D. armandi (Figs. 1D, 2A and B) .
The early spermatid nucleus is circular (3 lm in diameter) and contains heterogeneous chromatin with a granular appearance (Fig.  3A) . During spermiogenesis, the spermatid nucleus changes shape, elongates, and develops a posterior lateral invagination ( Fig. 3B ). At the same period, the spherical-shaped mitochondria that are found dispersed in the cytoplasm begin to migrate toward the basal pole of the nucleus ( Fig. 3A and B) . The mitochondrion decreases in number but increases in size. Then, the complex aggregation of mitochondria occurs and forms one big Nebenkern ( Fig. 3A-C) . The Nebenkern splits into two equal mitochondria derivatives, which are surrounded by the microtubules (Fig. 3D) .
At the mid-spermatids stage, the nucleus contains small dense aggregations of heterochromatin close to the peripheral region of the nuclear envelope. The nucleus gradually elongates, forming a trident-shaped structure ( Fig. 4A and B ). After which, there is a gradual condensation of nuclear chromatin as evidently observed by the increase of electron density in the region. Chromatin is more condensed around the periphery of the nucleus than at the center ( Fig. 4A-F) . Two distinguishable nuclear regions were observed: one has homogeneously condensed chromatin and the other has dispersed fibrillary chromatin (Fig. 4F ). As spermiogenesis comes to an end, all spermatids are seen with scanty cytoplasm and completely condensed nucleus surrounded by a layer of microtubules (Figs. 5A-C and 6A). During the nucleus transformation, the two mitochondrial derivatives acquire different sizes and become laterally located in relation to the nucleus (Fig. 4C ). The two mitochondrial derivatives are highly organized with well-developed cristae and dense crystalloid in the mitochondrial matrix (Figs. 4F and 5C) .
Among early spermatids, the formation of the proacrosomal vesicle, which is derived from vesicles of the Golgi complex, can be observed. (Fig. 3A and C) . In mid-spermatids, this vesicle, with an electron-dense granule, increases in size and develops into an acrosome, which covers the anterior pole of the spermatid nucleus ( Fig. 4A and B). In more advanced spermatids, the acrosome differentiates to form a cone-shaped structure with an inner cavity (Fig. 4E) . In transverse sections of the late-spermatids, the acrosomal vesicle is more or less triangular but becomes circular at the anterior tip (Figs.
5A and B). Formation of the "h"-shaped acrosomal vesicle is completed in the mature sperm (Fig. 6A) .
During the early spermatid phase, the axonemal formation begins with a specific 9 þ 9 þ 2 arrangement of the microtubules Cg, curly accessory gland; Ej, ejaculatory duct; Gs, gastric speculum; h, head of sperm; Lg, long branch of strand-shaped accessory glands; Lu, lumen of the cysts; s, spermatids; scn, nucleus of spermatocyst; Sg, short branch of strand-shaped accessory glands; SV, seminal vesicle; T, testis; t, tail of sperm; tt, testicular tubules. ( Fig. 3C and D) . The axoneme, which is typical in sperms among beetles, originates from the centriole, emerges from the implantation fossa, and extends toward the distal pole of the cell (Fig. 4A and B) . A mass of electron-dense material (centriolar adjunct) organizes a sheath around the centriole ( Fig. 4D and E) . The longitudinal section at the posterior region of the nucleus in the late-spermatids shows that the centriolar adjunct disappears and the axoneme terminates at the centriole in of the nuclear concavity ( Fig. 5B and C) . In longitudinal sections, the centriole appears to be moderately electron dense, uniformly compact, and approximately circular in shape (Fig. 6B) . Spermatozoa Spermatozoa, which measured approximately 85 6 11.3 lm (n ¼ 50) in length, consist of two morphologically and functionally distinct regions: the head and the tail (or flagellum) (Fig. 1C) . The sperm head is elliptical and formed by the nucleus and the acrosome. The nucleus, enveloped by the nuclear envelope, occupies most of the spermatozoon head and is mostly uniformly electron dense (Fig.  6A) . The nuclear anterior part shows an oblique profile, in close association with the acrosomal complex region. In longitudinal sections, the nucleus is thicker (about 0.75 lm in diameter) at the posterior end and tapers off toward the flattened anterior end (Fig.  6A and B) .
The acrosomal complex is small, approximately 1 lm in length, and almost covers the anterior part of the nucleus (Fig. 6A) . It is triple layered: a layer of extra-acrosomal material, an acrosomal vesicle with strong electron density, and internally the perforatorium. The asymmetrical acrosomal vesicle is cone shaped with a predominant strand tip and an appearance of "h"-shaped structure, which covers the axial rod up to the beginning of the nucleus.
The posterior end of the nucleus forms the concavity, which is the region of the centriole (Fig. 6B) . At the junction of nucleus and flagellum, the conspicuous centriole is very compact and electron dense (Fig. 6B) . This posterior region of centriole lies parallel to the anterior part of the axoneme and lies between the anterior tips of the mitochondrial derivatives (Fig. 6B) .
The flagellum is characterized by the 9 þ 9 þ 2 microtubule pattern, which is typical among insects, two elongated mitochondrial derivatives, a pair of accessory bodies, a spongy body and a "puff"-like expansion (Fig. 6B-E) . The axoneme originates from a differentiated centriole and presents the typical pattern of 9 (outer singlets) þ 9 (intermediate doublets) þ 2 (central singlets) microtubules (Fig. 6D) . The two mitochondrial derivatives, which are laterally located in relation to the nucleus, are asymmetric in both length and diameter ( Fig. 6C and D) . There is a paracrystalline material in each mitochondrial derivative situated in the mitochondrial region adjacent to the axoneme (Fig. 6D) . The major mitochondrial cristae are clearly visible in cross-sectional view. Regularly spaced mitochondrial cristae can be seen clearly in longitudinal sections, and the distance between the cristae is about 0.04 lm. The major mitochondrial derivatives begin with its tips lying near nuclear concavity and the minor mitochondrial derivatives with its tips lying between the axoneme and the posterior extremity of the centriole (Fig. 6B) . Furthermore, one terminates just before the other and this one immediately above the axonemal tip (Fig. 6D) .
Cross sections reveal that flanking the axoneme are two triangularly shaped accessory bodies (of unequal sizes). A "puff"-like expansion is seen parallel to the axoneme and closely adjacent to a smaller accessory body ( Fig. 6D and E) . Also, the spongy body, like The acrosome settles at its final position, and it differentiates to form a cone shape with an inner cavity. At the same time, electron-dense materials form a sheath (centriole adjunct) surrounding the centriole in longitudinal section. (F) The major mitochondrial derivative with a paracrystal has low electron-dense material, which overall causes a weak contrast in electron microscopic pictures. a, acrosome; AX, axoneme; Ca, centriole adjunct; m1, major mitochondrial derivative; m2, minor mitochondrial derivative; MT, microtubules; n, nucleus; p, paracrystal.
a loose coil, can be seen as a large cluster of anastomosing canaliculi, and is located flanking to the anterior flagellum. At the end of the tail, the flagellar components terminate, starting with the accessory bodies, followed by the minor mitochondrial derivative, and lastly, the major mitochondrial derivative ( Fig. 6D and E) . The several microtubules of the axonemal complex are the last to disappear at different levels (Fig. 6D ).
Discussion
Results of this study show that the general morphology of the male reproductive apparatuses of D. armandi is similar to the rest of the beetle species belonging to Suborder Polyphaga (Jamieson et al. 1999 , Werner et al. 2002 . This is characterized by a pair of testes, seminal vesicles, efferent ducts, accessory glands, and the ejaculatory ducts. However, nuances can be observed with regards to the number and morphology of the accessory glands, which considerably vary among Coleopterans. Distinctively, the accessory glands of D. armandi are morphologically characterized as paired curled glands and strand-shaped glands with long and short branches. This is in contrast to Hypothenemus hampei and Tenebrio molitor, where each has four accessory glands (Devasahayam et al. 1998 , and to D. monticolae, which possess three pairs of accessory glands that are associated with spermatophore production (Cerezke 1964) .
Similar to most insects, the development of the germinative cells in D. armandi takes place within cysts like most insects (Phillips 1970) , and the mature spermatozoa are located at the seminal vesicle. The testes have three types of germ cells (secondary spermatocytes, spermatids, and nearly mature sperms) and appeared not deteriorated in the adult individual. These observations suggest that the production of sperms may continue until maturity. In each cyst, the number of spermatids varies among different species as a result of spermatogonial premeiotic divisions (Oguma et al. 1987, QuagioGrassioto and Lello 1996) . In Coleopterans, the number of sperm/ (Gassner et al. 1975) . A hypothesis has been put forward that modern orders of insects have less sperms per bundle than the archaic orders (Virkki 1969 (Virkki , 1973 . In this study, D. armandi has a high number of sperms per bundle (approximately 512 spz/b). This number would reflects that D. armandi is a primitive Coleopteran species. Spermiogenesis in D. armandi is characterized by specific morphofunctional modifications. However, elements universal among Coleopterans can be observed such as the changes in shape and chromatin condensation of the nucleus following the formation of the acrosome and flagellum (Shay et al. 1969 , Gassner et al. 1975 , Hodges 1982 , Dybas and Dybas 1987 , B ao et al. 1989 , B ao 1996 , Werner et al. 2002 , Name et al. 2007 . A peculiar nuclear shape and organization of the nuclear material can also be seen during the differentiation of spermatozoa in D. armandi. The chromatin condenses at the periphery, and the nucleus gradually elongates, forming a trident-shaped structure. After which, the nuclear chromatin gradually condenses from the periphery to the center. The nuclear chromatin then exhibits a more homogeneously condensed forms and a fibrillar aspect. Then, the more compact nucleus forms in the mature spermatids. These structural changes associated with nuclear development have been described in other beetles (B ao and Ham u 1993, B ao 1996) therefore not unique to D. armandi. Apparently, in D. armandi, a trident-shaped nucleus in midspermatids and a deep inner cavity in the posterior nuclear region, which hosts the centriole and the beginning of the axoneme, were clearly observed.
Ultrastructures of the spermatozoa have been reported in some Curculionoidea insects (Bedford and Millar 1978 , Burrini et al. 1988 , Werner et al. 1999 , B ao and Ham u 1993 , Werner et al. 2002 , Name et al. 2007 , Zizzari et al. 2008 ) . Spermatozoa in Kissophagus emoporus and Hederae fagi from subfamily Scolytidae are found to The "puff"-like expansion is adjacent to a smaller accessory body and the rod-shaped centriole is located in the nuclear concavity in longitudinal sections. ab, accessory body; ar, axial rod; av, acrosomal vesicle; AX, axoneme; C, centriole; MT, microtubule; m1, the major mitochondrial derivative; m2, the minor mitochondrial derivative; n, nucleus; pu, puff"-like expansion.
be similar to other Curculionoidea insects with a few variations (Burrini et al. 1988) . The basic structural features seen in the spermatozoa of D. armandi are similar to most curculionids. A mature spermatozoon in D. armandi consists of 1) a three-layered acrosome, 2) two accessory bodies of different sizes, 3) a "puff"-like expansion, 4) two elongate mitochondrial derivatives of unequal length, with clearly distinguishable cristae, and 5) an axoneme with the typical 9 þ 9 þ 2 arrangement of microtubules. Like in most Scolytinae spermatozoa (Burrini et al. 1988) , the extra-acrosomal material in the acrosomes of D. armandi is poorly visible and almost absent in some cases. Interestingly, the primary differences of D. armandi spermatozoa compared to other curculionids are on the 1 shows the two accessory bodies, axoneme, spongy body, major mitochondrial derivative, minor mitochondrial derivative and the "puff"-like structure in the mid-piece of the sperm tail; 2 shows accessory bodies, axoneme, major mitochondrial derivative, minor mitochondrial derivative and the "puff"-like expansion in the principal piece of the sperm tail; 3 shows 9 þ 9 þ 2 axoneme at the end piece of sperm tail; 4 shows the central singlet axoneme disappearing at the end of sperm tail; 5 shows loose nine outer microtubule fibers at the endmost piece of sperm tail. (E) Transverse sections of the sperm flagella. The spongy body is only present in the middle piece of sperm tail. The "puff"-like structure runs along the axoneme in the middle and principal piece of sperm flagella. ab, accessory body; ar, axial rod; av, acrosomal vesicle; AX, axoneme; C, centriole; ex, extra-acrosomal material; m1, the major mitochondrial derivative; m2, minor mitochondrial derivative; n, nucleus. sb, spongy body; pu, puff"-like expansion.
topology of the acrosome, the presence of a single centriole, and the spongy body in the anterior tail.
In D. armandi, the acrosome has three layers: an extraacrosomal amorphous layer, an acrosomal vesicle, and an axial rod or perforatorium. This structure of acrosome is typical in many coleopterans, such as the rove beetle (Werner et al. 2002) , the rice weevil (Name et al. 2007) , and the feather wing beetle (Dybas and Dybas 1987) . However, the "h"-shaped acrosomal vesicle in D. armandi is distinct from those of other Coleopteran species, which have a cone-shaped acrosomal vesicle (B ao 1996 , Name et al. 2007 , Zizzari et al. 2008 , Moreira et al. 2010 . The thinner acrosomal vesicle has a more prominent tip that is about one fourth the length of the acrosomal vesicle, in contrast to Kissophagus emoporus and Hederae fagi (Burrini et al. 1988) . Thus, the shape of thus acrosomal vesicle may be an important characteristic to be considered in phylogenetic studies.
A peculiar characteristic of the D. armandi spermatozoon is the presence of a single derived centriole. This unitary centriole exists among mature sperms, while the centriolar adjunct is only present in the early spermatid stage. Similarly, the centriolar adjunct is absent in the mature sperms of Tenebrio molitor (Baccetti et al. 1973) , A. grandis (Gassner et al. 1975) , and Sitophilus zeamais and S. oryzae (Name et al. 2007) . The centriolar adjunct is organized by the accumulation of strong electron-dense material around the centriole in other coleopteran sperms (Breland et al. 1966; Phillips 1970; Mackie and Walker 1974; Werner 1976; Werner et al. 1999 Werner et al. , 2002 Kubo-Irie et al. 2000; ) . In D. armandi, the centriole is considered to serve as a mechanical connection that stabilizes the insertion of the axoneme at the nuclear base. Two accessory bodies with a "puff"-like expansion may function as a stabilizer and as an organelle that assists the movement in coordination with the centriole.
Another unique feature of the D. armandi spermatozoon is the presence of a pronounced spongy body. This structure exists among late spermatids and mature sperms. It is located in the anterior tail and forms a superficial protrusions due to an extension of the spongy body. A similar structure has been reported in the spermatids of Carpoglyphus lactis (Acari: Astigmata) (Florek and Witali nski 2010) . In C. lactis, the large cluster of spongy body is formed by an excess of spongy layer membranes. Contrasting to C. lactis, the origin of the spongy body in D. armandi has no spongy layer membranes. Dallai et al. (2005) reported that there were two membranous sacs in a similar place adhering to the mitochondrial derivatives in Galloisiana yuasai (Insecta, Grylloblattodea). The authors did not refer to the origin of membranous sacs, which are different from the shape of the spongy body in D. armandi. Likewise, in a similar place, the annulus of the midpiece gets wider and swollen in the manatee spermatozoa (Miller et al. 2001) . Miller et al. (2001) suggested that the annulus could be the location of tail separation. Compared with that of D. armandi, the spongy body function is presumed to be for splitting the tail from the head during the process of sperm-oocyte interaction and fertilization, but the functional significance of such prominent structure remains unclear. This feature would be worthy of attention in future analyses, especially for phylogenetic purposes.
In conclusion, the spermatozoa and spermiogenesis of D. armandi reveal both general and group-specific characteristics shared among Coleopterans. Importantly, unique structures to D. armandi spermatozoa include the long "h"-shaped acrosomal vesicle, one centriole, one "puff"-like expansion, and a spongy body. Furthermore, the presence of 20 testis tubules and two types of accessory glands in D. armandi differ from other Coleopteran species so far examined. Although the precise functions of these unique structures are yet unknown, this discovery not only expands the taxonomic and phylogenetic studies of the subfamily Scolytinae but also provides insights into their physiological attributes in insemination and copulation specificity and selectivity.
